Abstract: We present the sequence of an open reading frame (ORF) at the 3' end of human astrovirus serotype 1. Primer extension experiments showed that the RNA expressing this gene is shorter than the complete ORF, and could form a protein of M r 85 540. The protein was expressed by recombinant baculovirus and was recognized by anti-virion serum, indicating a structural role. Sequence comparison indicates that astrovirus serotypes 1 and 2 differ markedly in the C-terminal half of the protein but are well conserved towards the N-terminus.
Introduction
Astroviruses are spherical, non-enveloped positive strand RNA viruses first observed in the faeces of human infants with diarrhoea [1] . The 28 nm particles have a smooth margin and a proportion display a characteristic five or six pointed star motif on their surfaces (from which the viruses are named). Astroviruses have since been found in a variety of hosts and are often associated with gastrointestinal symptoms [2] . Early difficulties in the culture of these viruses impeded their study, however several isolates were adapted to growth in tissue culture by passage through primary human embryo cells [3] . This requirement limited the isolations made in the past, but now viruses can be grown directly from diarrhoeal stools [4] . Molecular biological experiments have shown that astroviruses resemble the Caliciviridae in their synthesis of an intracellular subgenomic RNA from the 3' end of the genome [5, 6] , but differ from this family in possessing 3-4 structural proteins, a property in which they resemble the Picornaviridae. Furthermore, in contrast to the picornaviruses, it is possible that virus replication may involve the host cell nucleus [2] . These features led to the recognition of the astroviruses as a distinct family, the Astroviridae [7] .
We have reported the sequence of the 3' terminus from a Newcastle serotype 1 astrovirus and found that this region cross-hybridized to a variable extent with other serotypes [8] . This suggested that serotypic variation could reside in this area, and since typical non-structural protein motifs were absent, that gene order could differ between picorna-and astroviruses; astrovirus structural genes being located at the 3' end. Recently Monroe and co-workers [5] described the synthesis of a protein (M r 90000) in astrovirus serotype 2-infected cells which could be processed by trypsin to yield products resembling virion proteins. Finally the sequence of the astrovirus type 2 subgenomic RNA has been reported [9] . A single open reading frame was present which could encode a protein of M r 88 000 which was assumed to represent the 90000 protein reported previously.
We have sequenced the complete open reading frame at the 3' end of the astrovirus genomic RNA from which this subgenomic RNA is derived. We confirm the general location of the 5' end of the mRNA but find that the open reading frame in the genome extends beyond the 5' terminus of the mRNA. end of the subgenomic RNA was determined by primer extension [10] using a primer derived from the sequence of clone p22A8, 5'-ACTGTGATC-TTGACTG-3' (termed primer 2). This annealed 2322-2337 bases from the 3' end of the assembled sequence.
In order to express the entire 3' ORF in baculoviruses it was necessary to join the new clone p22A8 to that containing the genome 3' terminus p21T43. This was achieved using the Pst I site present in the area of overlap of the two clones. The region expressed in the subgenomic RNA was then selectively amplified by using a synthetic primer, 5'-GAAGTGTGATGGCTAG-CAAGTC-3' (termed primer 3) which annealed 2427-2448 bases from the virus 3' terminus and primed DNA synthesis towards the 3' end. The reverse primer was annealed to vector sequences beyond the 3' end of the inserted virus sequence. Primer 3 was chosen to preserve the Kozak environment of the initiation codon present in the subgenomic mRNA [11] . The positions of the primers used in the three aspects of this work: cloning, primer extension and amplification, are illustrated in Fig. 1 with reference to the virusspecific RNAs.
Materials and Methods
Astrovirus serotype 1, isolate A88/2 (Newcastle), was grown in CaCO 2 cells using a stool extract as inoculum [4] and RNA was harvested during this first passage, cDNA was synthesized in a primer extension reaction using the oligonucleotide 5'-GATGGCATACACATCA-3' (termed primer 1) which hybridized 878-893 bases from the 3' end of the genome determined from our previous sequence [8] . cDNA was synthesized by reverse transcription and converted to a doublestrand with DNA polymerase 1. Any ragged ends were repaired with T4 DNA polymerase before the cDNA was ligated to BstXI linkers and ligated to the plasmid vector pcDNA II (Invitrogen) cut with the same enzyme. The longest clone obtained was termed p22A8. This and other clones were then sequenced using a Sequenase reaction kit (United States Biochemicals). The 5' 
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cDNA cloning
Primer extension cloning was performed using the sequence of the 3' end of astrovirus A88/2 Newcastle, reported previously as clone p21T43 [8] (Fig. 1) . This led to the production of clone p22A8 (1862 bp). This was sequenced in both orientations and overlapped clone p21T43 as expected. The coding structure of the assembled sequences revealed two overlapping ORFs, one of which was incomplete and extended towards the 5' terminal of the virus. The sequence of this region, and possible translation products are presented (Fig. 2) . The open reading frame at the 3' end is complete and could encode a protein of M r 92180. Astroviruses produce a subgenomic RNA [5] which is derived from the 3' end [6] and is of the size expected if it were to contain this open reading frame. We had earlier been unable to demonstrate the synthesis of this RNA [8] but have since found it to be synthesized earlier in infection than previously examined [14] . This general structure and strategy are reminiscent of the caliciviruses [15] .
Determination of the 5' end of the subgenomic RNA
The open reading frame identified above is longer than the subgenomic RNA reported for a type 2 human astrovirus [5] . Since this ORF contains two potential initiation codons which are both in frame and precede that identified by Monroe [5, 9] , it was possible that the type 1 virus could synthesize a larger protein if all this information were to be represented in the mRNA. We therefore mapped the 5' end of the virus subgenomic RNA by primer extension (Fig. 3) . A prominent termination product (135n) was observed, co-migrating with base 286 in the sequence. Fainter terminations were obtained 5' to
PACG T P 4 4
,4 this strong stop; all of these are indicated in Fig.  2 . This analysis indicated that the open reading frame present in the genome is longer than the region expressed as subgenomic RNA, and that the first AUG present in the mRNA is actually the third in the open reading frame at position 300 in the sequence presented. This is also the first potential initiation codon in a favourable context as determined by Kozak [11] .
Identification of the protein product
The coding region identified above was expressed in baculovirus (above). Figure 4 demonstrates the induction of immunoprecipitable astrovirus-specific protein following Sf21 cell infection with this recombinant. A protein (M r approx. 90 000) was observed in increasing amounts from 4 days post-infection; a smaller protein (M r 40000) was also precipitated concurrently. The 90 000 protein identified by Monroe [5] is thought to be cleaved to yield the structural proteins of the virion and we attribute this smaller species to partial cleavage in this unnatural host cell. Both proteins were selectively immunoprecipitated with rabbit antiserum raised to astrovirus type 1 particles, confirming a relationship between these products and virion structural peptides. The material remaining at the top of the gel is also observed in immunoprecipitates prepared from astrovirus-infected CaCO 2 cells. No proteins were precipitated from mock-infected Sf21 cells, or those infected with a recombinant baculovirus expressing feline calicivirus proteins, at the same time post-infection. GRDKRQSSQRVRNIVNKQLRKQGVTGPKPAICQRATATLGTVGSNTSGTT -I00 ** * ** **** ************************************* GRNKYQSNQRVRKIVNKQLRKQGVTGPKPAICQRATATLGTIGTNTTGAT -i00 EIEACILLNPVLVKDATGSTQFGPVQALGAQYSMWKLKYLNVKLTSMVGA -150 ************************************************** EIEACILLNPVLVKDATGSTQFGPVQALGAQySMWKLKYLNVKLTSMVGA -150 SAVNGTVSGVSLNPTTTPTSTSWSGLGARKHLDVTVGKNATFKLKPSDLG -200 ******* ******************************* ***s***** SAVNGTVLRISLNPTSTPSSTSWSGLGARKHMDVTVGRNAVFKLRPSDLG -2OO
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